High range ambiguity level will impair the spaceborne SAR image quality and hamper following SAR image applications. The range ambiguity suppression effect of the up and down chirp modulation on spaceborne SAR images is analyzed in this paper. Without taking care of ambiguity signal suppression in azimuth, the mere use of up and down chirp modulation signal would be only useful for point-liked targets and void for distributed targets. The additional azimuth phase coding introduced by the up and down chirp modulation is analyzed in this paper, and it results in Doppler spectra of part of range ambiguities shifting. Therefore, range ambiguity energy would be suppressed for both point-liked and distributed targets in spaceborne SAR with the up and down chirp modulation. The range ambiguity suppression effects of the up and down chirp modulation on both point-liked and distributed target are analyzed, and simulation results validate the presented analysis results.
I. INTRODUCTION
For spaceborne synthetic aperture radar (SAR), the desired radar echoes are received by the antenna after several pulse repetition intervals (PRIs) due to the long distance between the target and the radar. The preceding and succeeding pulse echoes reflected from range ambiguous areas arrive at the SAR antenna simultaneously with the desired radar echoes [1] - [4] . As a result, images of range ambiguous areas are superimposed on the SAR image of the desired area, and the quality of the SAR image is reduced. Therefore, suppressing range ambiguity energy to improve the obtained SAR image quality is very important for spaceborne SAR [5] - [7] .
There are about two types of methods to suppress range ambiguity energy. One is the low level sidelobe design for the elevation antenna pattern [8] - [11] or multiple elevation beams [12] , the other is frequency band pass filtering after spectra of radar echoes shifting caused by the introduced phase coding in the azimuth or range direction [13] - [17] . Alternately transmitting up and down chirp signals is considered only useful for point-liked target ambiguities but void for The associate editor coordinating the review of this manuscript and approving it for publication was Junjie Wu. extended ambiguous signals [18] , [19] . However, the effect of the additional azimuth phase coding is neglected during derivation of the effect of up and down chirp modulation on point and extended target signals [18] - [21] . The expression of the additional azimuth phase coding is different from the azimuth phase coding in [14] , but it also results in Doppler spectra of part of range ambiguities shifting. The additional azimuth phase coding introduced by the up and down chirp modulation is derived in this paper, and the range ambiguity suppression effects on both point-liked and distributed targets are analyzed. Simulation experiments on point and distributed targets are carried out to validate the presented analysis results.
This paper is arranged as follows. Section II briefly describes the range ambiguity echo model in spaceborne SAR with the up and down chirp modulation. In Section III, the additional azimuth phase coding introduced by the up and down chirp modulation is derived. In Section IV, range ambiguity suppression effects on both point-liked and distributed targets are analyzed in detail. In Section V, simulation experiments on both point and distributed targets are carried out to validate the mentioned analysis results. Finally, the conclusion is reported in Section VI.
II. ECHO MODEL IN SAR WITH UP AND DOWN CHIRP MODULATION
The baseband echo signal expressions of the down and up chirp signals are written, respectively, as follows:
where τ is the fast time, t is the azimuth time, w a (t) denotes the azimuth antenna pattern, R(t) is the azimuth time variant distance between the radar and the target, λ is the wave length, k r is the chirp rate, τ d (t) indicates the transmitted time delay, and τ P is the transmitted pulse duration. According to the principle of stationary phase (POSP) [22] , signals in (1) and (2) could be converted to the range frequency domain as follows:
where f is the range frequency, and B r is transmitted pulse bandwidth. The matched filtering functions for the transmitted up and down chirp signals are expressed, respectively, as follows:
The multiplication of the down chirp spectrum with the up chirp filtering function results in:
After the inverse Fourier transform (IFT) step, the signal in (7) becomes
With the similar processing steps, the signal with the up chirp modulation becomes
According to (8) and (9), the following characteristics could be obtained.
• After the mismatched pulse compression step, the amplitude is lowered by 1 √ 2 which equals to −3 dB in intensity, while the duration of the signal is doubled.
• The range linear frequency modulation is still existed, and the modulation rate is halved to k r 2. As up and down chirp pulses are alternately transmitted to suppress range ambiguities, according to (8) and (9), the defocused ambiguity echo could be written as follows:
with
According to (10) , it can be seen that the azimuth phase modulation is existed in the defocused ambiguity echo. Furthermore, the phase ϕ(τ ) is related with the fast time τ .
III. AZIMUTH PHASE MODULATION
For the simplicity, the defocused ambiguity echo in (10) is rewritten as:
Applying azimuth Discrete Flourier Transform (DFT) to (12) , and we can get S(k) = DFT (s(n)) = DFT (s 0 (n) · s 1 (n)) = S 0 (k) ⊗ S 1 (k) (15) where ⊗ is the convolution operator, while S 0 (k) and S 1 (k) are the DFT expressions of s 0 (n) and s 1 (n), respectively. S 1 (k) is computed as follows: 16) where N is the number of azimuth samples in SAR. Usually, N is an even number, (16) could be rewritten as follows:
If k = 0, S 1 (k) is obtained as follows:
If k = N /2, S 1 (k) is obtained as follows:
is computed as follows:
Therefore, (17) is rewritten as
where δ(k) is the unit impulse function. Afterwards, S(k) is written as
As a result, after the azimuth Fourier transform step, the defocused range ambiguity in the range-Doppler domain is obtained as follows:
where W a (f a ) is the Doppler spectrum weighted by the azimuth antenna pattern (AAP). It can be seen that the defocused Doppler spectrum is divided into two parts as shown in Figure 1 due to the azimuth phase modulation in (14) . The proportional relationship between two spectrum parts is related to the range time variant phase term ϕ(τ ). Furthermore, large part of ambiguous energy could be removed out of signal processing bandwidth as shown in Figure 2 (c), while PRF is selected with a relative high value.
According to (8) , (9) and (23), the ratio γ between the remained and shifted Doppler spectrum parts as shown in Figure 1 in the whole pulse duration is expressed as follows:
where θ 0 the initial phase, f s is the range sampling frequency, and τ = 1 f s is the range time sampling interval. Figure 2 shows the ratio γ under different signal bandwidths, sampling frequencies and pulse durations, and it can be seen that the ratio γ almost equals to 1. The small numerical fluctuation of the ratio γ is caused by radar echo discrete sampling and could be neglected.
IV. RANGE AMBIGUITY SUPPRESSION BY UP AND DOWN CHIRP MODULATION A. UP AND DOWN CHIRP MODULATION FOR RANGE AMBIGUITY SUPPRESS
For spaceborne SAR systems, the signal to be transmitted and scattered back to the radar should last several pulse repetition intervals (PRIs) due to the long transmitting distance between the radar and the target. Consequently, echoes scattered from the desired area and range ambiguous signals scattered from undesired areas are mixed together in the receiving window as shown in Figure 3 . Compared with the slant range history of the desired imaged area, the slant range history of range ambiguous area could be expressed as
where c is the velocity of the light, PRF is the pulse repetition frequency, n is the ambiguous number (negative part presents previous pulses when positive part presents latter pulses) as shown in Figure 3 . Therefore, received echoes consist of signals from the desired area and range ambiguity signals from ambiguous areas are expressed as follows:
where s sig (τ, t) is radar signal from the desired area, and s amb,n (τ, t) represents echoes from the n-th ambiguous area. In conventional spaceborne SAR systems, the expression of s amb,n (τ, t) is
where σ (·) is the backscattering intensity, R n (t) is the range history of an ambiguous point target, W a (·) and W r (·) indicate the azimuth and range antenna patterns, respectively. If up and down chirp modulation signals are alternately transmitted, radar echoes from the desired area ss sig (τ, t) is expressed as: 
where PRI = 1/PRF is the azimuth time sampling interval, and t = 2·PRI is the azimuth in SAR with up and down chirp modulation. Consequently, the expression of S amb,n (τ, t) for echoes from the ambiguous area is written as:
Compared with (29), ambiguous signals with odd n show contrary chirp modulation rate to the desired echoes, while range ambiguities with even n show the same modulation rate as shown in Figure 4 . The matched filtering with a contrary chirp modulation rate will result in the defocusing phenomenon along the range direction, and the additional azimuth phase modulation is existed in defocused range ambiguities. Therefore, only range ambiguities with odd n could be suppressed.
B. RANGE AMBIGUITY SUPPRESSION FOR POINT-LIKED TARGETS
For the comparison with (8) and (9), the result of the correct matched filtering in the frequency domain of the chirp signal is:
Afterwards, the focused point target is expressed as:
where B a is the processed Doppler bandwidth, and k a is the azimuth chirp modulation rate. Since the desired signal and the range ambiguity are with different range cell migrations (RCMs), after the azimuth focusing step, the range ambiguity signal becomes
where ρ a is the azimuth resolution, M indicates the number of range bins after RCM correction (RCMC) for the range ambiguity, while k a,amb is the azimuth chirp modulation rate of the range ambiguity. According to (23) and Figure 1(c) , after the azimuth focusing step, the odd range ambiguity signal ss amb,odd (τ, t) for a point target becomes three parts as follows:
According to the side-looking SAR imaging geometry as shown in Figure 3 , compared with other ambiguous areas, echoes from ambiguous areas (n = ±1) adjacent to the imaged area are received by the elevation antenna pattern with the higher sidelobe level in most cases. Therefore, suppressing ambiguity energy of ambiguous areas adjacent to the imaged area is the most important. For a point target, the amplitude factor γ 1 is introduced to evaluate range ambiguity suppression improvement by the up and down chirp modulation and expressed as
RANGE AMBIGUITY SUPPRESSION FOR EXTENDED TARGETS
To evaluate range ambiguity suppression effect on extended targets, extended targets are simply modeled being an array of point targets with same amplitude and phase [19] . The result of mismatched filtering of the echoes of a wanted extended target is directly the convolution of the extended target with the impulse response function. As a result, expressions of the first range ambiguity (n = 1) in a conventional SAR system and in a SAR system with the up and chirp modulation are, respectively, expressed as:
τ r c (41) where A is the area of the range ambiguous scene, d x and d r denote the length of the extended target in the azimuth and range directions, respectively, v g is the velocity of the antenna footprint, T x and τ r are time durations for the extended target in the azimuth and range directions, respectively.
For an extended target, the amplitude factor γ 2 is introduced to evaluate range ambiguity suppression improvement and expressed as: 
V. SIMULATION EXPERIMENTS A. RANGE AMBIGUITY SIMULATOR
In order to evaluate the range ambiguity suppression effect of introducing the up and down chirp modulation for both point and distributed targets, a range ambiguity simulator is developed as shown in Figure 5 .
The aim of the echo simulator in Figure 5 is to introduce simulated ambiguous signals into simulated ''range ambiguity free'' raw data to obtain ''ambiguous raw data'' [19] . As range ambiguity signals from succeeding or preceding pulses are received at the same time, parameters for range ambiguous areas including the slant range, the chirp modulation and the incidence angle could be easily obtained from parameters of the desired area. Afterwards, ''ambiguous raw data'' are handled by the imaging processor according to the chirp modulation. Finally, according to the range ambiguity to signal ratio (RASR) comparison between traditional echoes and echo with up and down chirp modulation, the RASR ambiguity suppression ability with respect to certain scene could be evaluated.
To validate the above mentioned analysis results, simulations on point and extend targets are carried out. Simulation parameters are listed in Table 1 . This paper is focused on range ambiguity suppression effect of the up and down chirp modulation, and the effect of radar echoes weighted by the elevation antenna pattern is neglected for the simplicity.
B. SIMULATION EXPERIMENTS FOR POINT TARGETS
In this experiment, point ambiguity targets with the traditional down chirp modulation and with the up and down chirp modulation are compared to validate the range ambiguity suppression effect by introducing the up and down chirp modulation. Figure 6 shows imaging results of a point range ambiguous target with the down chirp modulation, and the point range ambiguous target is almost focused. The little range defocusing is caused by the wrong RCMC processing, and the little azimuth defocusing is due to the mismatched azimuth modulation rate. The max value of the point range ambiguous target is 41.52dB. Figure 7 shows imaging results of a point range ambiguous target with the up and down chirp modulation, and the point range ambiguous target is completely defocused. The contrary chirp modulation rate of the up and down chirp modulation results in the doubled pulse duration as shown in Figure 7 (b), while the additional azimuth phase coding introduced by the up and down chirp modulation leads to the Doppler spectrum shifting and aliasing as shown in Figure 7 (c). In the final obtained SAR image, the ambiguous target is divided into three parts as shown in Figure 7(d) , and the max value of the point range ambiguous target is 11.62dB. Compared with the result in Figure 6 , the RASR improvement ratio is about 30dB in this simulation experiment, and the M in (33) is about 3 due to the range resolution of the ambiguous target about three times coarser as the desired target. The total power of the impulse response in Figure 6(d) is 64.15dB, while the total power of the impulse response in Figure 7(d) is 62.60dB. The 1.55dB power reduction is caused by the Doppler spectrum band-pass filtering as shown in Figure 7 (c).
C. SIMULATION EXPERIMENTS FOR EXTENDED TARGETS
The length of the designed scene is 20km, while the width is 15km. As a result, the size of the designed scene is satisfied with the second condition in (43). Evaluating the range ambiguity suppression effect for extended targets is much more complexity than point targets, since the effect obviously relies on the feature of the ambiguous area. Therefore, three typical kinds of extended scenes including urban, seaside and jungle scenes are simulated according to the simulation method in Figure 5 .
Considering the complexity and otherness of real imaging scene, two parameters are assumed to describe the RASR suppression improvement of the up and down chirp modulation, which are defined as below.
• MRI (Max RASR Improvement) is denoted as the improvement of ratio of peak power between scene area and ambiguous area before and after the application of up and down chirp, which could be quantified in dB.
• ARI (Average RASR Improvement) is denoted as the improvement of ratio of average power between scene area and ambiguous area before and after the application of up and down chirp, which could be quantified in dB. Parameters MRI and ARI introduced to evaluate the range ambiguity suppression improvement by up and down chirp modulation for different scenes as shown in Figure 8∼10 are computed and summarized in Table 2 . According to measured values listed in Table 2 , the up and down chip modulation shows better performance at aspect of MRI for urban scene and seaside scene, since there are some strong scatters with a small size in ambiguous areas as shown in Figure 8 (b) and Figure 9 (b), while the amplitude of scatters in Figure 10 (b) is relatively uniform. Furthermore, the better ARI is obtained for seaside scene, since the fluctuation of image intensity is largest among these three images in Figure 8 (b), Figure9 (b) and Figure 10 (b). ARIs for urban and jungle scenes are almost equal to 3dB, and this value validate the above analysis result for range ambiguity suppression improvement in (43). Generally, alternately transmitting up and down chirp signals in spaceborne SAR would show better range ambiguity suppression effect for point-liked targets, while it would be also useful for extended targets according to results of Table 2 . 
VI. CONCLUSION
According to the additional leaping azimuth phase coding introduced by up and down chirp modulation, alternately transmitting up and down modulated chirp signals can suppress range ambiguity energy for both small point-liked and large extended targets. For point-liked targets, the up and down chirp modulation would lead to not only the attenuation of range ambiguous energy but also the ambiguous energy reduction. For extended targets, the attenuation effect of range ambiguous energy would become less effective, but range ambiguous could be still suppressed by the band-passed Doppler filter. Furthermore, the range ambiguous energy reduction effect relies on system PRF. PRF is assumed to be a relative high value, large part of ambiguous energy could be removed out of signal processing bandwidth, which is almost the same as azimuth phase coding. If both phase coding and up and down chirp modulation methods are simultaneously adopted, only small part of ambiguous energy can be filtered, since introduced different leaping phase exists in different range gate.
